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Introduction
Thrombin is a major platelet agonist and plays critical roles in platelet activation, thrombus formation, and inflammation. Thrombin-induced platelet activation requires protease-activated receptors (PARs), which are members of the G protein-coupled receptor (GPCR) family of proteins. PARs are activated when their N-terminal domain is cleaved by thrombin, exposing a tethered ligand sequence that binds intramolecularly to the receptor, causing receptor activation, thereby initiating intracellular signaling through G proteins 1, 2 . There are species differences in expression of different PAR isoforms in platelets. PAR1 and PAR4 are expressed in human platelets 2 , whereas PAR3 and PAR4 are expressed in mouse platelets 3, 4 . PAR1 and PAR4 similarly signal via the Gq and G13 (and possibly Gi) 5, 6 . PAR3 appears to serve as a facilitator of PAR4 cleavage by thrombin, but is unable to signal independent of PAR4 3 . Despite the requirement of PARs in thrombin-induced platelet activation, platelets respond poorly to low dose thrombin in the absence of another membrane receptor, the glycoprotein (GP) Ib-IX-V complex, which has been long known to bind thrombin with high affinity and be required for platelet response to low concentrations of thrombin 7, 8 . Platelet GPIb-IX-V complex is a multifunctional hetero-oligomeric membrane protein complex that plays important roles in hemostasis and thrombosis, cancer metastasis, and inflammation [9] [10] [11] [12] [13] . GPIb-IX-V is composed of four single-pass transmembrane subunits [14] [15] [16] . The disulfide-linked GPIbα and GPIbβ subunits are tightly complexed with For personal use only. on October 28, 2017. by guest www.bloodjournal.org From GPIX 17, 18 . Complex formation is essential for efficient expression of each subunit 19 . GPIb-IX is sufficient to function as a receptor without GPV 20, 21 . Expression of GPV has been suggested to negatively regulate GPIb-IX function particularly in response to thrombin 22 . GPIb-IX is a receptor for von Willebrand factor (VWF), thrombin, P-selectin and β 2 integrins, with binding sites for these ligands located in the N-terminal domain of GPIbα 23 . The interaction between VWF and GPIb-IX mediates the initial adhesion of platelets to injured or stimulated vessel walls 24 , and also elicits intracellular signals, leading to stable platelet adhesion, morphological shape change, granule secretion, and thrombus formation 23 . The cytoplasmic domain of GPIbα contains binding sites for intracellular proteins including filamin 25 and ζ form 14-3-3
26
. The binding of 14-3-3ζ requires the C-terminal sequence in the cytoplasmic domain of GPIbα, which is important in VWF-induced GPIb-IX signaling and in regulating the VWF-binding function of GPIb 13, [27] [28] [29] .
The role of GPIb-IX in thrombin-induced platelet activation has been a subject of debate. Currently, a prevailing theory is that GPIb-IX itself is not sufficient to initiate platelet response to thrombin, but rather serves as a dock for thrombin, thereby facilitating cleavage of PARs
30
. However, others suggest that GPIb-IX serves as an independent thrombin receptor, which is mainly supported by the data suggesting that catalytically inactive thrombin can still initiate a platelet response 31, 32 . In this study, we
show that GPIb is neither a passive thrombin dock that only serves to facilitate cleavage of PARs, nor a PAR-independent receptor. We show that thrombin induces GPIb-IXspecific signaling, which cooperates with PAR-dependent signaling to promote platelet
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From response. This mutual cooperativity between GPIb-IX and PARs requires both a GPIb-IX-specific 14-3-3-Rac1-LIMK1 signaling pathway and GPIb-IX-independent PAR signaling. In addition, our data suggest that low concentrations of thrombin are important for in vivo thrombosis. These results demonstrate a new concept of signalingmediated mutual cooperativity between GPIb-IX and PARs in mediating platelet responses to low concentrations of thrombin.
Methods

Preparation of platelets
For human subjects, Institutional Review Board approval was obtained from the University of Illinois at Chicago, and informed consent from volunteers was obtained in accordance with the Declaration of Helsinki. The generation of megakaryocyte lineagespecific Rac1-knockout mice (Rac1 -/-) and LIMK1-knockout mice (LIMK1 -/-) has been previously described [33] [34] [35] [36] . Mice were maintained on a mixed SV/129/C57/Bl-6 background, and littermates were used as control. Human and mouse platelets were prepared as previously described 35, 37 .
PPACK-treatment of thrombin
Wild type human α-thrombin (Enzyme Research Labs) or recombinant human S195A thrombin (Kerafast) was reacted with 15 molar excess of PPACK for 1 hour at room temperature, as previously described 38 . Please see supplemental materials for further details.
Thrombin activity Assay
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From Thrombin activity assays were conducted by measuring the change in fluorescence upon cleavage of a fluorogenic thrombin substrate SN-17a (Haematologic technologies Inc.). Except in cases where otherwise is specified, human α-thrombin (also referred to as thrombin or wild type thrombin) purified from human plasma was used (Enzyme Research Labs). Specific activity of α-thrombin is 3078 NIH units/mg. See supplemental materials for further details.
Thrombin binding assay 1x10
9 human platelets were resuspended in a thrombin binding buffer (25 mM Tris, 0.6% PEG-8000, 1% BSA, 136 mM NaCl, pH 7.4), as previously described 39 .
Thrombin binding was detected using flow cytometry as described in supplemental materials.
Platelet Aggregation and Secretion
Platelet aggregation and ATP secretion were determined simultaneously in a Chronolog lumiaggregometer at 37°C with stirring (1000 rpm), as previously 35 .
Calcium mobilization assay
For detailed procedures, see supplemental materials. Briefly, thrombin-induced calcium mobilization was measured using a fluorescent calcium-sensitive dye, FLIPR Calcium 5 reagent (Molecular Devices, R8142, Explorer kit) and fluorescence was monitored using a FlexStation plate reader (Molecular Devices).
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Activation of LIMK and Rac1
For detailed procedures, please see supplemental materials. Briefly, platelets or Chinese Hamster Ovary (CHO) cells (in suspension) were stimulated with thrombin for 2 minutes.
The reactions were stopped by addition of an equal volume of 2x sodium dodecyl sulfate (SDS) sample buffer as described previously 35, 40 , and then immunoblotted with the antibodies recognizing LIMK1/2 phosphorylated at threonine 508/505, or total LIMK1 (Cell Signaling, Danvers, MA). Rac1 activation assays were performed, as described previously 41 . Anti-Rac1 antibody (No. 61051; BD Biosciences) was used for Western Blot.
Reconstitution of human GPIb-IX in CHO cells
CHO cells stably expressing wild-type GPIb-IX (1b9) or mutant GPIb-IX that contains a truncation of the 5 C-terminal amino acids in the α-chain of GPIb (Δ605 cells) were previously established 27 . For detailed procedures please see supplemental materials.
Briefly, CHO cell lines expressing GPIbα with a triple tyrosine to phenylalanine mutation (FFF cells), known to abolish the high affinity binding of thrombin to GPIb [42] [43] [44] , were stably expressed by co-transduction with GPIbβ and GPIX cDNA into CHO cells with a pLenti6/V5-Dest vector encoding wild type human GPIbα or mutant GPIbα containing Y 276, 278, 279 F mutations. Levels of surface GPIb-IX expression were normalized between cell lines to similar levels by fluorescence-activated cell sorting.
Fluorescence intravital microscopy
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From Laser-induced cremaster muscle arteriolar thrombosis was induced in wild-type mice as described previously 40 . Briefly, platelet thrombus formation and thrombin generation were induced by laser injury, and visualized after infusion of DyLight 649-labeled antimouse CD42c (0.05 µg/g body weight (BW)) and Alexa Fluor (AF) 488-labeled monoclonal anti-thrombin antibody (2 µg/g BW, ~170 nM calculated based on estimated blood volume) (AHT-5020, Haematologic Technologies) into mice. This antibody selectively recognizes thrombin (Kd=14 nM) and thrombin-anti-thrombin complex, but not prothrombin. In some experiments, mice were treated with dabigatran (0.3 mg/kg) or vehicle control prior to laser injury. Standard curves were generated by measuring fluorescence intensities of known concentrations of AF488-conjugated anti-thrombin antibody on glass slides under the same microscope settings (also see supplemental data).
Results
The important role of GPIb-IX and intracellular interaction between GPIbα and 14-3-3 in stimulating thrombin-induced cellular signaling in a reconstituted CHO cell model To clearly dissect the role of GPIb in thrombin signaling without complication of secondary or alternative platelet pathways, we reconstituted GPIb-enhanced thrombin signaling in Chinese Hamster Ovary (CHO) cells expressing endogenous PAR1 and the recombinant wild type human GPIb-IX complex (1b9 cells). Upon thrombin stimulation, 1b9 cells displayed enhanced calcium mobilization as compared to control CHO cells that express PAR1 but not GPIb-IX ( Figure 1A-B Figure 1C ). This result is similar to previous data comparing normal platelets with Bernard-Soulier syndrome platelets deficient in , supporting the notion that GPIb-IX-expression enhances thrombin-induced cellular responses. To verify that the stimulatory role of GPIb-IX requires GPIb-thrombin interaction, we also tested CHO cell lines expressing similar levels of GPIb-IX with GPIbα having a triple tyrosine to phenylalanine mutation (Y 276, 278, 279 F, (FFF) ) that is known to abolish the high affinity binding of thrombin to GPIb 42-44 ( Figure 1D ). As expected, FFF mutation also abolished the binding of an antibody, SZ2, that blocks GPIb-thrombin interaction ( Figure 1E ) 45 , but did not affect PAR1 expression ( Figure   1C ). Indeed, the stimulatory role of GPIb-IX on thrombin response was diminished in FFF cells ( Figure 1A -B). To investigate whether the stimulatory role of thrombin binding to GPIb requires GPIb-IX signaling, we examined whether and how deletion of the Cterminal 14-3-3 binding site (Δ605) in the cytoplasmic domain of GPIbα 27 affects the ability of GPIb-IX to facilitate cellular response to thrombin. The stimulatory effect of GPIb-IX on thrombin-induced calcium mobilization ( Figure 1A -B) was abolished in cells expressing the Δ605 mutant of GPIbα, which have comparable levels of GPIb-IX and PAR1 expression as 1b9 cells ( Figure 1C-1E ). These data indicate that GPIb-IXdependent enhancement of thrombin-induced signaling in this CHO cell model requires interaction of the C-terminal region of GPIbα with the intracellular signaling molecule 14-3-3.
For personal use only. on October 28, 2017. by guest www.bloodjournal.org1 0 Intracellular interaction between GPIbα and 14-3-3 is important for low dosethrombin-induced platelet aggregation, ATP release, and calcium mobilization
We previously developed a membrane permeable inhibitor peptide, MPαC, derived from the phosphorylated C-terminal 14-3-3-binding sequence of GPIbα, which abolishes 14-3-3 binding and selectively inhibits VWF/GPIb-IX-dependent platelet response 29 . MPαC selectively inhibited thrombin-induced calcium response of GPIb-expressing CHO cells but not control CHO cells, further validating its specificity for GPIb-IX-dependent cell response to thrombin ( Fig. 2A-B) . To investigate the role of the 14-3-3-GPIb interaction in GPIb-IX-dependent promotion of human platelet response to thrombin, we determined the effect of MPαC, or a scrambled control peptide, MCsC, on thrombininduced human platelet aggregation. MPαC inhibited low dose thrombin-induced platelet aggregation ( Figure 2C-D) , suggesting that 14-3-3-GPIb interaction is important for enhancing thrombin-induced platelet aggregation. Thrombin-stimulated platelet responses include receptor-coupled calcium mobilization and granule secretion 46, 47 .
The observed calcium mobilization induced by low dose thrombin was not affected by integrin blocker integrilin, indicating that it is an early response independent of integrin outside-in signaling (Supplemental figure 1A-B) . MPαC-treatment inhibited low dose thrombin-induced ATP-release ( Figure 2E ) and calcium mobilization ( Figure 2F -G), which is similar to the response of GPIb-IX-deficient platelets from Bernard-Soulier syndrome patients or GPIb blocking antibody-treated platelets 7, 48 . These data reveal the essential function of GPIb-14-3-3 interaction in platelet response to low-doses of thrombin. 
Intracellular interaction between GPIbα and 14-3-3 is not important for thrombin binding to GPIb
It is known that GPIb contains a high affinity thrombin binding site [42] [43] [44] 49 , but whether the cytoplasmic 14-3-3 binding region is important for regulating thrombin binding to GPIb is unknown. To exclude the possibility that interfering with GPIb-14-3-3 interaction also affects thrombin binding to GPIb-IX, we measured thrombin binding to human platelets pretreated with MPαC. MPαC pretreatment did not affect low dose thrombin binding to GPIb ( Figure 2H-I ). In contrast, thrombin binding was inhibited by the GPIb thrombin binding site-blocking antibody SZ2 ( Figure 2H ). These data indicate that the 14-3-3-GPIb-IX interaction is not important for thrombin binding to GPIb-IX.
The role of Rac1 in mediating thrombin-induced GPIb-IX signaling
To further identify the thrombin-induced GPIb-IX signaling pathway involved in stimulating platelet response, we tested the hypothesis that the thrombin-induced GPIb-IX signaling pathway is similar to the VWF-induced platelet activation pathway, in which a Lyn/Rac signaling pathway plays an important role 33 . A Rac1 inhibitor, NSC23766 diminished low dose thrombin-induced calcium mobilization only in wild type GPIb-IXexpressing CHO cells (1b9), but not in control CHO cells ( Figure 3A-D) , indicating that Rac1 is required for GPIb-dependent thrombin signaling leading to calcium mobilization. Importantly, upon low-dose thrombin stimulation, 1b9 cells displayed enhanced Rac1-activity, which was absent in Δ605 cells expressing the 14-3-3 binding deficient mutant GPIbα ( Figure 3F-G) . In human platelets, low dose thrombin similarly induced activation For personal use only. on October 28, 2017. by guest www.bloodjournal.org From of Rac1, which was inhibited by the inhibitor of GPIb-14-3-3 interaction, MPαC, but not by the control peptides ( Figure 3E ). Furthermore, whereas thrombin responses of wild type mouse platelets, as indicated by platelet aggregation, secretion and calcium mobilization, were inhibited by MPαC, suggesting the importance of GPIb-IX-14-3-3 interaction also in mouse platelets, Rac1 -/-mouse platelets, which already showed reduced platelet response to low dose thrombin, could not be further inhibited by MPαC (Figure 4 ). These data suggest that GPIb-IX-14-3-3 interaction and Rac1 mediate the same signaling pathway ( Figure 4A -F). Together these data show that thrombin-induced
GPIb signaling mediates Rac1-activation via a 14-3-3-dependent mechanism, and that Rac1 is required for the GPIb-IX signaling that stimulates low dose thrombin-induced cellular response. Figure 5D -F). These data suggest that LIMK1
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From plays a stimulatory role in platelet response to thrombin but a negative regulatory role in PAR signaling. To determine whether the thrombin-induced GPIb-IX signaling activates LIMK1, we assessed LIMK1 activation as indicated by its phosphorylation in 1b9, Δ605, and control CHO cells stimulated with thrombin. Thrombin induced some degree of LIMK1 phosphorylation in CHO cells lacking GPIb-IX expression, but this was detectable only at a higher concentration of thrombin ( Figure 5G ). In contrast, thrombin stimulation of 1b9 cells induces much greater LIMK1 phosphorylation, indicating the role of GPIb-IX signaling in promoting LIMK1 phosphorylation. However, in Δ605 cells lacking the 14-3-3 binding site of GPIbα the enhanced LIMK1 phosphorylation was absent. These data indicate that thrombin-induced GPIb-IX signaling mediates 14-3-3-dependent LIMK1 activation. In mouse platelets, MPαC-treatment inhibited thrombininduced LIMK1 phosphorylation suggesting that 14-3-3-GPIb-interaction is important in thrombin-induced LIMK1 activation in platelets ( Figure 5H ). In contrast to the inhibitory effect of MPαC, inhibition of ADP signaling using ADP receptor antagonists did not affect thrombin-induced LIMK1 phosphorylation, suggesting that thrombin-induced GPIb-IX-dependent LIMK1 phosphorylation does not require subsequent secretion of ADP (Supplemental figure 1D) . In other cell types, it is known that LIMK1 is activated downstream of Rac1
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. In platelets, however, whether thrombin signaling activates LIMK1 in a Rac1-dependent manner is unknown. Thus, to determine if LIMK1 lies downstream of Rac1, we assessed LIMK1 phosphorylation in thrombin stimulated Rac1 -/-platelets. Thrombin-stimulated Rac1 -/-platelets displayed defective LIMK1 phosphorylation ( Figure 5I ). Together, these data indicate a GPIb-IX-14-3-3-Rac1- Figure 6A ), suggesting that thrombin-induced calcium mobilization requires PAR1 signaling in the presence or absence of GPIb-IX signaling. These data suggest that GPIb-IX signaling is not sufficient to elicit detectable calcium mobilization in response to thrombin in the absence of PAR1 signaling in this reconstituted CHO cell model. This result is consistent with a previous study showing that PAR4 knockout mouse platelets are unable to respond to thrombin 4 . However, PAR signaling requires catalytic activity of thrombin, and a major piece of previous data suggesting PAR-independent GPIb-IX signaling was that S195A mutant thrombin that reportedly lost enzymatic activity or PPACK-inhibited thrombin can still stimulate platelet activation in the absence of GPV 32 .
We did not observe cell response induced by PPACK-treated wild type thrombin ( Figure   6D ). As PPACK treatment carries the possibility of incomplete inhibition resulting in For personal use only. on October 28, 2017. by guest www.bloodjournal.org From residual enzymatic activity that may vary between different laboratories, we further tested whether S195A mutant thrombin is able to induce PAR-independent GPIb-IX signaling in the reconstituted CHO cell model and in platelets. Indeed, S195A mutant thrombin induced calcium mobilization, which was significantly enhanced in 1b9 cells expressing wild type GPIb-IX in a manner similar to wild type thrombin( Figure 6B ).
However, the S195A mutant thrombin-induced calcium mobilization was abolished by PAR1 antagonist SCH79797 ( Figure 6C ). These data suggest the requirement for PAR1 in the GPIb-IX-dependent cell response to either S195A or wild type thrombin in the reconstituted CHO cell model. In platelets, S195A mutant thrombin was unable to induce platelet aggregation at low doses, which is consistent with a previous report 51 .
However, S195A thrombin induced platelet aggregation at doses of 100 nM or higher ( Figure 6D ), and this effect of S195A thrombin was abolished by its treatment with PPACK ( Figure 6D ), suggesting that S195A thrombin contains residual enzymatic activity that is required for its activation of platelets. Indeed, the enzymatic activity of S195A thrombin at high concentrations was detectable using a fluorogenic thrombin substrate ( Figure 6E ), and this activity was abolished by further treatment with PPACK.
Similarly, S195A thrombin induced mouse platelet aggregation at high concentrations, which was also abolished by PPACK-treatment (data not shown). These data suggest that thrombin-induced GPIb-IX-dependent cellular response requires the catalytic activity of thrombin and PAR-dependent signaling. Furthermore, these data also suggest a mutually dependent cooperativity between GPIb-IX signaling and PAR signaling that is important for platelet response to low dose thrombin.
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To further investigate the mechanism of this cooperativity between GPIb-IX signaling and PAR signaling, we examined whether GPIb-IX-dependent activation of the Rac1-LIMK1 pathway requires cooperativity of PAR signaling. Pretreatment with a PAR1 antagonist in CHO cells or PAR4 antagonist in mouse platelets abolished the thrombininduced GPIb-IX-dependent stimulation of LIMK1 activation ( Figure 6G-H) .
Furthermore, the PPACK-treated S195A mutant thrombin failed to induce a dosedependent increase in LIMK1 phosphorylation in human platelets ( Figure 6F ). These data suggest that thrombin-induced GPIb-IX signaling requires cooperativity of PAR signaling. Taken together, our data indicate that there is a mutual cooperativity between GPIb-IX signaling and PAR signaling during thrombin-induced platelet activation. PARdependent signaling is important for thrombin-induced GPIb-IX signaling and thrombininduced GPIb-IX signaling is important for stimulating PAR signaling, particularly at low thrombin concentrations. This signaling-mediated cooperativity provides a novel mechanism for the requirement of dual thrombin receptors (PARs and GPIb-IX) in mediating platelet response ( Figure 6I ).
Low concentrations of thrombin are generated in vivo and are important for thrombus formation
To investigate whether low concentrations of thrombin are important during thrombosis in vivo, we used a laser-induced cremaster arteriolar thrombosis model that has previously been shown to require thrombin activity 40, 52, 53 . We estimated the approximate concentration of thrombin generated after laser injury using a saturating concentration of an Alexa Fluor 488-labeled monoclonal anti-thrombin antibody, which is verified to selectively recognize both mouse and human α-thrombin ( Figure 7A ), but For personal use only. on October 28, 2017. by guest www.bloodjournal.org From not prothrombin (as indicated by the manufacturer, also data not shown). We detected significant thrombin after laser injury by comparison to an Alexa Fluor 488-labeled IgG control antibody with identical fluorophore to antibody ratio ( Figure 7B ). Importantly, injection of the AF 488-labeled thrombin-specific antibody did not inhibit thrombus formation compared to IgG control (Supplemental figure 2 and Supplemental movies 1-2). To quantify thrombin concentration, a standard curve of fluorescence intensity vs thrombin antibody concentration was generated under the same microscope settings.
The kinetics of thrombin generation showed rapid increase after vessel injury and then plateaued around 5 minutes after injury (See Supplemental Figure 2 and Supplemental movies 1-2). By comparing with the standard curve of known concentrations of labeled monoclonal thrombin antibody, we were able to approximate that thrombin concentrations present at the site of injury were less than 10 nM even at its plateau, and is lower than 3 nM during early platelet thrombus formation ( Figure . This important advance also ignited debates about the role of the most abundant thrombin-binding membrane protein in platelets (and the "old" thrombin receptor), GPIb-IX, in thrombin-induced platelet activation. As several previous reports indicate that GPIb-IX is important in platelet response to thrombin 7, 30, 42, 48 , the debate is mainly about whether both GPIb-IX and PARs signal independently or GPIb-IX serves as a dock for thrombin by facilitating access and cleavage of PARs. Our data indicate that thrombin binding to GPIb-IX induces GPIb-IX-specific signaling that is important for the PAR-dependent platelet response to low dose thrombin. However, our data also indicate that the thrombin-induced GPIb-IX signaling requires cooperativity of PAR signaling, and thus is not PAR-independent. Therefore, we introduce a novel concept of signal-mediated cooperativity between GPIb-IX and PARs that drives platelet response to low dose thrombin.
Studies on platelet response to thrombin are complicated by genetic differences between humans and mice. Human platelets express both PAR1 and PAR4 whereas mouse platelets express PAR3 and PAR4 2 . Thus, the convincing evidence for the requirement of PAR4 in mouse platelet activation cannot be applied to human platelets in which PAR1 signals play an important role. To understand the relationship between human GPIb-IX and PAR1, we successfully reconstituted GPIb-IX / PAR1 cooperativity in response to thrombin in a CHO cell line expressing recombinant human GPIb-IX and PAR1 but not PAR4, which allowed us to study the mechanisms of cooperativity For personal use only. on October 28, 2017. by guest www.bloodjournal.org From between GPIb and PAR1 using molecular biology. With this model, we were able to provide the first specific evidence of cooperativity between GPIb-IX and PAR1 in mediating calcium signaling induced by low dose thrombin. Importantly, we show that the role of GPIb-IX in stimulating thrombin response not only requires the thrombin binding site of GPIbα, but also the C-terminal 14-3-3 binding site in the cytoplasmic domain of GPIbα that is important for activating the GPIb-IX-dependent Rac1/LIMK1 signaling pathway. Deletion of the C-terminal 14-3-3 binding site in GPIbα or blocking 14-3-3 binding using a specific membrane-permeable inhibitor based on the 14-3-3 binding sequence of GPIbα diminished response to low dose thrombin. Thus, the role of GPIb-IX in stimulating cellular response to thrombin is not due to its function as a passive dock (although we do not exclude that it may also function as a dock), but requires thrombin-induced GPIb-IX signaling. Importantly, an inhibitor of GPIb-14-3-3 interaction similarly diminished platelet response to low dose thrombin both in human and mouse platelets, indicating that a similar mechanism is involved in the cooperativity of GPIb-IX with PAR1 and PAR4 in response to thrombin both in human and mouse platelets. Thus, the different PAR combinations in different species does not appear to affect GPIb cooperativity with PARs. To examine the possible in vivo relevance of this cooperativity, we detected low concentrations of thrombin (<10 nM at peak, <3 nM at earlier stages) following laser-induced arteriolar injury, and demonstrated its important role in laser-induced arteriolar thrombosis (Figure 7 ). Others [54] [55] [56] suggested that low concentrations of thrombin were generated during systemic inflammation. However, we wish to point out that our estimation of thrombin levels is only limited to this particular model of thrombosis, and thrombin concentrations may vary in different thrombotic
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From conditions depending on the extent of coagulation. Also, we do not claim that our estimation is exactly accurate due to the possibility of blockage of antibody access to a population of thrombin by competing molecules. However, as thrombus formation was not affected by this high affinity antibody (Figure 7) , it is unlikely to competitively interact with important functional sites of thrombin. Thus these data support the notion that the role of GPIb-IX in low dose thrombin-induced platelet activation is relevant to certain types of in vivo thrombosis such as arterial thrombosis and systemic vascular inflammation.
In elucidating the importance of GPIb-IX signaling, we have not only demonstrated the importance of 14-3-3-dependent GPIb-IX signaling function, but also for the first time identified an important role for the GPIb-IX-dependent Rac1/LIMK1-mediated signaling pathway in thrombin-induced cell response. Although Rac1 and its downstream effector kinase LIMK1 can be activated by several different platelet agonists, including PAR agonist peptides 57 , our data indicate that low dose thrombin-induced activation of the Rac1-LIMK1 pathway is GPIb-IX-dependent and GPIb-IX-specific. First, we have shown that low dose thrombin-induced activation of Rac1 and LIMK1 is diminished in the absence of GPIb-IX expression and in cells expressing mutant GPIbα with a 14-3-3 binding site deleted. Secondly, inhibition of 14-3-3 binding to GPIbα in either human or mouse platelets resulted in diminished activation of Rac1 and LIMK1. Importantly, the LIMK1 knockout platelets showed reduced response to low dose thrombin, but showed enhanced response to PAR4 agonist peptide, excluding the stimulatory role of LIMK1 in PAR4-dependent platelet response. It is important to note that the GPIb-IX-dependent GPIb-IX independent of other agonist receptors 33, 35 . In contrast, thrombin is insufficient to induce significant activation of the Rac1-LIMK1 pathway without the cooperativity of PAR signaling.
The conclusion that thrombin-induced GPIb-IX signaling requires cooperativity of PAR signaling is supported by data that inhibition of either PAR1 in the reconstituted CHO cell model or PAR4 in platelets abolished thrombin-induced response, and is also consistent with previous data that PAR4 knockout platelets do not respond to thrombin 4 .
The major evidence supporting thrombin-induced PAR-independent GPIb-IX signaling comes from data that S195A thrombin or PPACK-treated thrombin induced platelet activation 31, 32 . However, we show that whereas S195A thrombin indeed induces platelet response, this effect is dependent upon residual catalytic activity of S195A thrombin and is dependent upon PARs. Also, in a previous report 31 , the PPACK concentration used for thrombin treatment was lower than described to be needed for complete inhibition of thrombin activity 38 . In our experiments, when either wild type or S195A thrombin was treated with PPACK as previously described, platelet response was completely inhibited. Thus, our data, consistent with the data obtained with PAR4 knockout 4 , suggests that thrombin-induced GPIb-IX-dependent platelet response requires PAR signaling. Together, our data indicate that GPIb-IX and PAR are mutually dependent to induce optimal platelet response to low concentrations of thrombin, which are important during in vivo thrombosis. This cooperativity requires a unique GPIb-IXdependent signaling pathway involving Rac1 and LIMK1 and also requires PAR Loading was determined using a phosphorylation-independent anti-LIMK1 antibody. (I)
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A schematic of signaling-mediated cooperativity between GPIb-IX and PARs. This cooperativity requires a unique GPIb-IX-dependent signaling pathway involving 14-3-3.
Rac1 and LIMK1 and activation of this pathway requires thrombin binding to GPIb-IX and stimulation of PARs. Figure 7
